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(57) ABSTRACT

The present invention relates to a photosensitive detector with
a composite dielectric gate MOSFET structure and its signal
readout method. The MOSFET structure detector is formed
on a p-type semiconductor substrate. N-type semiconductor
regions locate on the two sides of the top part of the p-type
semiconductor substrate to form a source and a drain. An
underlying dielectric layer, a photo-electron storage layer, a
top dielectric layer, and a control gate are stacked on the
substrate in sequence. The top insulating dielectric layer can
prevent the photoelectrons stored in the photo-electron stor-
age layer from leaking into the control gate. The source and
the drain are floating when photoelectrons are collected and
injected into the photoelectron storing layer to be held
therein. There is a transparent or semi-transparent window for
detecting incident light forming on the substrate or gate sur-
face. This invented detector has excellent scalability, basic
compatibility with the flash memory fabricating technology,
low leakage current, higher imaging speed than CCD, non-
sensitivity to processing defects, larger dynamic range than
other structures and higher accuracy of signal readout.

14 Claims, 8 Drawing Sheets
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1
PHOTOSENSITIVE DETECTOR WITH
COMPOSITE DIELECTRIC GATE MOSFET
STRUCTURE AND ITS SIGNAL READOUT
METHOD

CROSS REFERENCE TO RELATED PATENT
APPLICATION

The present application is the U.S. national stage of PCT/ 10

(CN2010/070612 filed on Feb. 10, 2010, which claims the
priority of the Chinese patent applications No.
200910024504.6 filed on Feb. 18, 2009, No.
200910030729.2 filed on Apr. 15, 2009 and No.
200910234266.1 filed on Nov. 18, 2009, which applications
are incorporated herein by reference.

FIELD OF THE INVENTION
20

The present invention relates to an imaging detector work-
ing at infrared, visible light and ultraviolet band, mainly
includes its structure, working principle and signal readout
method. The invention describes a kind of photosensitive
detector with a composite dielectric gate MOSFET structure
and its signal readout method.

BACKGROUND OF THE INVENTION o

Currently, CCD and CMOS-APS are the mainstream
imaging detectors. The basic working principle of CCD is
similar to the physical mechanism of metal-oxide-semicon-
ductor (MOS) capacitor. CCD is consisted of MOS capacitors
and its working process includes signal charge generation,
storage, transmission and detection. CCD is a device which
transfers and stores signal in the form of charge packet. Its
outstanding feature is that CCD transfers charge signal,
instead of voltage signal or current signal, which is different
from other imaging devices. When CCD is employed, clock
pulse changes the semiconductor potential, which dictates the
storage and transfer of charges. As for CMOS-APS, its work
mechanism is described in Chinese patent CN1774814.

The technical parameters of a typical visible light CCD
imaging device are as follows.

50
Maximum pixel density 10k x 10k (DALSA)
Minimum pixel size 2.4 um (e2V) can’t be reduced.
Well capacity 1000 e/um?

The technical parameters of a typical CMOS-APS imaging
device (The functions of CMOS-APS pixel unit include pho-
toelectron collection, storage, amplification, reset, and
address selection.) are as follows.

60
Maximum pixel 4k x 4k (0.18 um CMOS process,
density Raytheon etc.)
Minimum pixel size 2.8 um (0.25 CMOS process, Panasonic)
hard to be reduced.
Well capacity 3000 e~/pm? 65

2
A general comparison of CCD and CMOS-APS

CCD CMOS-APS
Leakage current Perfect <1 nA/cm? Worse >50 nA/cm?
Fill factor Perfect ~100% Worse <60%
Process requirement High General
Yield Low High
Compatible with CMOS  No Yes

Process or not

The limitations of CCD and CMOS-APS:

Presently, CCD and CMOS-APS are widely used as imag-
ing devices in scientific instruments and home imaging equip-
ments, but they both have their shortcomings which cannot be
resolved. Essentially, CCD is made of a large number of MOS
capacitors in series, which can transfer charges directionally
in parallel. Its limitations are as follows.

1) Itis difficult to increase the imaging speed as CCD needs to
transfer charges physically during imaging.

2) The yield is low. Because of the cascaded structure of MOS
capacitors and the need of transferring charges, any failed
MOS capacitor among a string of CCD pixel units can
affect the transmission of charge and the following pixel
units cannot work normally. It usually shows the black
stripe, white bars or filament. Therefore, process require-
ment for CCD manufacturing is very high, which usually
leads to the low yield and high production cost.

3) It is difficult to reduce the size of pixel unit further. To
maintain the same signal to noise rate (SNR) during the
charges’ transmission, the scaling of the size of the pixel
unit demands thinner oxide nitride (ON) and the quality of
ON should not change. Therefore, the further scaling ofthe
size of pixel unit is very difficult. In addition, the edge
effect also limits the further scaling of the pixel unit.

All of the limitations mentioned above are the essential
problems of CCD, which can’t be resolved fundamentally.
The process factors of CCD manufacturing have significant
effects on CCD. CCD is manufactured in the silicon inte-
grated circuits and the basic processes include cleaning, oxi-
dation, diffusion, lithography, etch, implantation, LPCVD,
plasma growth and the test for each process step. The process
of CCD manufacturing is the combination of above single
process in different numbers and orders. Oxidation is one of
the key processes and the SiO, film formed by oxidation has
very important effects on CCD. The SiO, film is used as 1) the
protection and passivation film of CCD, 2) the gate dielectric
and 3) isolated layer between polysilicon films. The SiO, can
prevent the short circuit between the top and bottom polysili-
con. The oxide should have no pinholes and voids. CCD
manufacturing usually uses an oxidization method with a
recombination of wet oxygen and dry oxygen oxidization
method. In CCD manufacturing technology, the gate dielec-
tric is made of SiO, film and Si;N, film above SiO,. This is
because the dielectric constant of Si;N,, is about twice that of
Si0,, but the thermal expansion coefficient of Si;N,, is twice
that of SiO, which leads to the bad contact of Si;N,, and Si.
The expansion coefficient of SiO, is close to that of Si, so
CCD uses Si0,/Si;N, as dielectric. Nowadays scientists all
over the world are studying the gate dielectric of MOSFETs.
They try to use high dielectric constant material instead of
SiO,. These materials include: IIIA and IIIB group metallic
oxide, such as Al,O;, Y,0; and La,O5; VIB group metallic
oxide, such as HfO,, ZrO,, TiO,; stacked structure such as
HfO,/Si0, and ZrO,/SiO,.

Unlike CCD, the pixel unit of CMOS-APS is independent
with each other. During the signal transmission it doesn’t
need to transfer the charge, as a consequence it overcomes the
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shortcomings of CCD fundamentally. But each pixel of
CMOS-APS is made of one photosensitive diode and three or
more transistors. This framework leads to the following ques-
tions. 1) high dark current: because CMOS-APS use one
diode as the photosensitive device, the dark current is almost
two order of magnitudes higher than that of CCD; (2) difficult
to improve the equivalent quantum efficiency; (3) unlike
CCD, the pixel of CMOS-APS has at least three transistors
besides the photosensitive diode, the fill factor of CMOS-
APS is less than 60%. The ideal imaging device should have
the advantages of pixel unit of CCD and the framework of
CMOS-APS, which is also the purpose of this invention.
The existing floating gate memory device is a MOS device
with an additional gate added between channel and control
gate, this gate is surrounded by oxide so it is called floating
gate. There is a control gate over the floating gate and this
structure refers to the Chinese patent CN1156337. Under a
certain electric field, electrons can tunnel into the floating
gate surrounded by dense oxide. The advance of floating gate
memory is as follows. Embedding Ge nanocrystals in the
high-k dielectric can enhance the reliability, reduce the write
voltage and increase the program speed; additionally, it can
also improve the storage characteristics; MIS structure is
made with electron beam evaporation method, it includes Al
control gate, Ge nanocrystals in Al,O; and Al,O; tunneling
oxide layer. This MIS structure shows good electrical prop-
ertiesunder 1 MHz C-V test. The flat-band shift is up to 0.96V
and charge storage density is 4.17x10'? cm2. The charge
storage properties of Ge nanocrystals in Al,O; vary with
frequency, the flat-band shift and charge storage density
decrease with the increasing frequency (refers to Chinese
Journal of Functional Materials and Devices, vol. 02, 2007).

SUMMARY OF THE INVENTION
The Purpose of the Invention

This invention proposes a new detector structure and its
working principles, especially a new photosensitive detector
with composite dielectric gate MOSFET structure and its
signal readout method. The detection range includes infrared
and ultraviolet wavelength.

The Technical Scheme of the Invention

A photosensitive detector with a composite dielectric gate
MOSFET structure comprising: n-type semiconductor
regions (2) located on the two sides of the top part of the
p-type semiconductor substrate (1) to form a source and a
drain; an underlying dielectric layer (5), a photoelectron stor-
age layer (8), a top dielectric layer (6), and a control gate (7)
stacked on the substrate in sequence. The described photo-
electron storage layer (8) can be polysilicon, Si;N,, InGaN,
metal film or other electronic conductors and semiconduc-
tors; the control gate (7) can be polysilicon, metal or trans-
parent conducting electrode.

The second i.e. the top dielectric layer (6) that is connected
to the control gate (7) prevents the photoelectrons stored in
the photoelectron storage layer from leaking into the control
gate. Under low gate voltage, the first dielectric layer (5)
connected to the p substrate (1) effectively shields the channel
between the source and the drain from the photoelectron
storage layer (8). If the gate voltage or photon energy is high
enough, the electrons in the channel can be injected into the
photoelectron storage layer (8). While photoelectrons are
collected and injected, the source and the drain should be
floating.
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The first i.e. the bottom dielectric layer (5) is made of
silicon oxide, SiON or other materials with high-k dielectrics;
the second i.e. the top dielectric layer (6) is made of SiO,/
Si;N,/Si10,, Si0,/Al,04/810,, Si0O,, Al,O, or other materi-
als with high-k dielectrics.

When the voltage difference between the gate and the
substrate is high enough, the photoelectrons collected in the
channel can tunnel into the photoelectron storage layer (8). At
least one of the substrate or the gate surface must be trans-
parent or semitransparent for detecting the wavelength.

The signal readout method of the detector with composite
dielectric gate structure described above, namely the steps of
photoelectron readout, amplification and reset:

Photoelectron Readout and Amplification:

Ground the gate and the substrate, and apply a proper
positive voltage on the drain. Regulate the gate voltage to
ensure that the MOSFET detector work in the linear region.
By directly measuring and comparing the output drain current
before and after exposure to light, the optical signal strength
can be determined.

The relationship between the drain current change and the
number of collected photoelectrons is as follows:

nCoW Nrag (a)

Alps =
DS T Cr

DS

Where Al is the detector drain current change before and
after exposure, N is the number of photoelectrons in the
photoelectron storage layer, C is the total equivalent capaci-
tance of the photoelectron storage layer, C,_ is the gate oxide
capacitance perunit area between photoelectron storage layer
and the substrate, W and L are the detector channel width and
length respectively, 1, is the electron mobility, Vg is the
drain to source voltage.

Reset:

The gate is applied a negative voltage and the substrate is
grounded. If the negative voltage is high enough, the photo-
electrons in the photoelectron storage layer will tunnel into
the p-type substrate.

The photoelectron storage layer (8) applies a split struc-
ture; the top dielectric (6) isolates the photoelectron storage
layer from the source and the drain; the control gate (7) is
above the top dielectric, there are insulating side walls (9) on
two sides of control gate, the substrate or the gate surface
must be transparent or semitransparent for detecting the
wavelength.

Wherein said both the source and the drain regions close to
the channel are enclosed by heavily doped p-type pockets (3);
n-type LDD regions (4) as the extension of the source and the
drain locate on the two sides of channel.

Wherein said readings of the number of photoelectrons are
taken before and after exposure in order to accurately record
the number of collected photoelectrons.

Before exposure, apply two different control gate voltage
Vg and V ., respectively, and then measure the drain cur-
rent I, and I, the transconductance before exposure can
be obtained:

56 = Ccc CotnW _ Alps (b)

e L AVeg-Vps

Where, 11, is the electron mobility before exposure, C is
the top dielectric layer capacitance, V 5 is the drain to source
voltage. AV =V c6a=Vcors AlpsTpsa—Ipsi-
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After exposure, in order to compensate the electron mobil-
ity drift, also apply two different control gate voltages V o,
and Vs, respectively, and then measure the drain current
I* 5, and I* ., the transconductance after exposure can be
obtained:

BSE = Alps _ Ccc CoutyW (©
C .

T AVeg-Vps | Cr L

Where, p*, is the eclectron mobility after exposure,
AV =V =V cais AI* =¥ pso=1* s, - Finally, the charge
number change before and after exposure in the charge stor-
age layer can be obtained in term of drain current 1,5, and
I* 5, under gate voltage V ;.

(d

st s
B¢ Vps B¢ Vs

]'CCG

The number of collected photoelectrons after exposure can
be obtained accurately from eq. (d). As a result, the error
caused by electron mobility shift can be compensated.

Wherein said the method for signal readout, including the
collection and storage of photoelectrons before the signal is
read out and amplified:

If apositive pulse voltage is applied on the gate, an electron
depletion region is generated in the p-type substrate. When
the incident photons are absorbed in the depletion region,
photoelectrons will be generated. Driven by the gate voltage,
the photoelectrons drift to the interface between channel and
bottom insulating layer. Increasing the gate voltage and when
it is high enough, the photoelectrons will tunnel into the
photoelectron storage layer by F—N tunneling mechanism; if
the photon energy is higher than the conduction band energy
difference AE_ between substrate semiconductor and bottom
insulating layer, the photoelectrons will directly tunnel into
the electron storage layer. While collecting photoelectrons,
the source and drain should be floating to prevent the elec-
trons from tunneling into the storage layer. After the collected
photoelectrons are stored in storage layer, the threshold volt-
age of the detector will shift, i.e. the drain current changes. By
measuring the drain current change before and after exposure,
the photoelectron number in the storage layer can be
obtained.

Wherein said the firsti.e. the bottom dielectric material (5)
uses Si0, 1-10 nm, Si; N, 1-10nm, HfO,, Al,O;, Zr0,,Y,0;,
BaTiO,, ZrSiO, or Ta,Oj, their equivalent oxide thickness
1-10 nm or AlGaN 1-100 nm.

The second i.e. the top dielectric material (6) uses SiO,/
Si;N,/Si0,, its equivalent oxide thickness 12-20 nm; SiO,/
Al,O,/Si0,, its equivalent oxide thickness 10-100 nm; HfO,,
Al,O,, Zr0,, Y ,0;, BaTiO,, ZrSiO, or Ta,O,, their equiva-
lent oxide thickness 12-20 nm or AlGaN 1-100 nm.

The photoelectron storage layer material (8) uses polysili-
con 10-200 nm, Si;N, 3-10 nm, AlGaN 10-200 nm.

The control gate material (7) uses polysilicon 10-200 nm,
ITO 3-10 nm, metal or transparent electrode.

Wherein said the units of the detector array is comprised of
composite dielectric gate MOSFET.

Wherein said the first i.e. the bottom insulating dielectric
uses Si0, 1-10nm; the second i.e. the top insulating dielectric
uses Si0,/Si;N,/Si0, or SiO,/Al,04/Si0,, its equivalent
oxide thickness 12-20 nm, photoelectron storage layer mate-
rial uses polysilicon 10-200 nm, the control gate material uses
polysilicon.

AQrc =(
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Wherein said the first i.e. the bottom insulating dielectric
uses SiO, 1-10nm; the second i.e. the top insulating dielectric
uses Si0, 10-20 nm, the photoelectron storage layer material
uses Si;N, 10-20 nm, the control gate material uses polysili-
con.

Wherein said the control gate uses tungsten, the top insu-
lating dielectric uses Al,O; 10 nm, the photoelectron storage
layer material uses Si;N, 3-10 nm, the bottom insulating
dielectric uses SiO2 1-10 nm.

Wherein said the control gate uses polysilicon, the top
insulating dielectric uses SiO, 10-20 nm, the photoelectron
storage layer material uses polysilicon 1-200 nm, the bottom
insulating dielectric uses high-k dielectric material, its
equivalent SiO, thickness of 1-5 nm.

Wherein said the control gate uses metal, the top insulating
dielectric uses SiO, 10-100 nm, the photoelectron storage
layer material uses InGaN 10-200 nm, the bottom insulating
dielectric uses AlGaN 1-100 nm, the substrate material uses
AlGaN.

The detector unit of the invention adopts composite dielec-
tric gate MOSFET structure and it is used as a pixel which has
the functions of photoelectron collection, address selection,
signal readout and reset. The detector units are arranged to
form a detector array, i.e. a photosensitive detector with com-
posite dielectric gate structure.

This invention proposes a detector using composite dielec-
tric gate MOSFET and its optical signal processing method,
the array of this device can forms a high resolution imaging
chip. Therefore, the detector or imaging chip using MOS-
FETs with other structures, materials and parameters are
within the content of this invention.

The advantages of the photosensitive detector with com-
posite dielectric gate MOSFET structure are as follows, com-
pared with CCD and CMOS-APS, the photosensitive detector
with composite dielectric gate MOSFET structure has many
advantages of CCD and CMOS-APS, but also overcomes
many shortcomings of them, it is the ideal selection of next
generation imaging device. Its features and advantages are as
follows.

Excellent Scalability:

The size of present composite dielectric gate MOSFET in
flash technology is about 4-10 F? (F is the minimum scale of
lithography). Under 45 nm lithography technology, the area
of a photosensitive detector with composite dielectric gate
MOSFET structure is as small as 0.02 um? i.e. there are about
50 photosensitive detectors within 1 um?. By contrast, the
minimum size of one CCD pixel is about 2x2 pm? while 1x1
um? for CMOS-APS. When the composite dielectric gate
MOSFET continues scaling down, the resolution of photo-
sensitive detector with composite dielectric gate MOSFET
structure will increase further.

Table 1 shows the area of photosensitive detector with
composite dielectric gate MOSFET structure under different
process technology. Now the minimum resolution of photo-
graphic film is about 0.1 um. So, when the photosensitive
detector with composite dielectric gate MOSFET structure
further scales down, it will provide a resolution that CCD and
CMOS-APS can’t achieve. The electronic imaging quality of
photosensitive detector with composite dielectric gate MOS-
FET structure will achieve or exceed that of photographic
film and physical resolution will be higher than the optical
resolution.
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TABLE 1

the feature parameters of photosensitive detector
with composite dielectric gate MOSFET structure.

Minimum feature 0.5 0.25 0.18 0.13 0.09 0.065
size(pm)

Pixel area(pm?) 2.5 0.625 0324  0.169  0.081 0.04225
Resolution enhancement 1.6 6.4 12.3 23.7 494 94.7

factor(compared with
2 x 2 pm? CCD pixel)

0.045

0.02025
197.5

Note:

The pixel area size of detector with composite dielectric gate MOSFET structure in table 1 is counted by 10F?

Compeatibility with Flash Memory Technology:

The process of photosensitive detector with composite
dielectric gate structure is the same as that of standard com-
posite dielectric gate MOSFET. The photosensitive detector
with composite dielectric gate structure can be produced
through slightly adjusting the standard composite dielectric
gate MOSFET process.

Low Leakage Current:

The detection mechanism of photosensitive detector with
composite dielectric gate MOSFET structure is the same with
CCD, so the leakage current is 1-2 orders of magnitude lower
than that of CMOS-APS which uses a photosensitive diode.

Higher Imaging Speed than CCD:

Although it has similar photoelectron collection mecha-
nism to CCD, photosensitive detector with composite dielec-
tric gate MOSFET structure stores the generated photoelec-
trons in the photoelectron storage layer instead of the channel.
Through measuring the threshold voltage (i.e. the charges
number in the charge storage layer), the signal can be read
out. It doesn’t need to transfer photoelectrons like CCD,
therefore its imaging speed is the same with that of CMOS-
APS and is higher than that of CCD.

Non-Sensitivity to Process Defects:

Because photosensitive detector with composite dielectric
gate MOSFET structure doesn’t need to transfer photoelec-
trons, the failure of any one pixel doesn’t affect other pixels,
thus photosensitive detector is not sensitive to process defects
and fit for fabricating large area detector array. It can be used
to form various array structures like NOR or NAND.

Larger Dynamic Range than Other Structures:

Because the signal readout process doesn’t affect the stored
photoelectron number, photosensitive detector supports the
signal readout many times.

In practice, the output signal can be regulated by changing
the control gate voltage, so the dynamic range of output signal
can be expanded using different control gate voltage. That is
the advantage that CCD and CMOS-APS doesn’t have.

Higher Accuracy of Signal Readout:

The photosensitive detector of the invention adopts the
twice signal readout method before and after exposure
respectively to identify electric signal quantity exactly, i.e. by
measuring the drain current under same bias before and after
exposure, the charge variation in the photoelectron storage
layer can be obtained and the number of collected photoelec-
trons can be read out accurately, which can compensate the
variance of gate oxide trap and interface trap density. Addi-
tionally, as the manufacturing process of detector with com-
posite dielectric gate MOSFET structure is compatible with
flash technology, this process allows some memory cells fab-
ricated on a chip. Some prepared images can be stored in the
memory cells for the automation pattern recognition. In star
tracker, this function can be adopted to help the system posi-
tioning automatically without additional pattern recognition
function. Moreover, we can also store needful matched image
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in the flash memory manufactured with photosensitive detec-
tor at the same time, which can realize on-chip topographic
matching function.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram of energy band, photoelectrons gen-
eration and transfer for the detector described in this inven-
tion.

FIG. 2 is another diagram of energy band, photoelectrons
generation and transfer for the detector described in this
invention.

FIG. 3 is a diagrammatic sectional view of the invented
detector.

FIG. 4 is a diagrammatic sectional view illustrating an
embodiment of the second dielectric layer consisted of SiO,/
Si;N,/Si0, in the invented detector.

FIG. 5 is a diagram of the MOSFET output current change
induced by the charge change in composite dielectric gate.

FIG. 6 is a diagram illustrating the comparison between
CCD and photosensitive detector with composite dielectric
gate MOSFET structure whose source and drain floating.

FIG. 7 is diagram illustrating the turn-on state of three
photosensitive detector units in one bit line.

FIG. 8 is a diagram of 8x8 array structure of photosensitive
detector with composite dielectric gate MOSFET structure.

FIG. 9 is a diagram illustrating the reset flow of the
invented detector.

FIG. 10 is a diagram illustrating the design principle of the
invented detector.

FIG. 11 is a diagrammatic sectional view of an improved
structure of the photosensitive detector with composite
dielectric gate MOSFET in the invention

FIG. 12 is a diagrammatic sectional view of the invented
detector cell based on the EI-MOSFET structure.

FIG. 13 is a diagram illustrating the array of the detector in
the invention

FIG. 14 is a diagram of the simulation results of photoelec-
tric characteristics for a detector pixel in the invention.

FIG. 15 is a diagram of the test results of photoelectric
characteristics for a detector pixel sample in the invention.

FIG. 16 is a diagram of the test results after reset for a
detector pixel sample in the invention.

DETAILED DESCRIPTION OF THE INVENTION

The Working Mechanism and Procedure of the Photoelec-
trons Storage Layer are as Follows:

1) Photoelectron Collection and Signal Acquisition:

Refer to the diagram of the energy band and photoelectrons
generation and transfer in FIG. 1 and FIG. 2.

1. Photoelectron generation. If photon hv>semiconductor
B, (or E,+AE,), photon will be absorbed by semiconductor,
then electrons can be excited from valence band to conduc-
tion band.
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2. Photoelectron transfer. If the gate voltage is higher than
substrate voltage, the photoelectron will transfer to the inter-
face between substrate and bottom dielectric. If the voltage
difference between gate and substrate is positive voltage and
photon hv>semiconductor E_+AE_, the excited photoelec-
trons can enter photoelectron storage layer directly.

3. Photoelectron tunneling. The Photoelectron can tunnel
into the photoelectron storage layer when the electric field in
bottom dielectric is high enough.

4. Photoelectron storage. If the electric field in top dielec-
tric is relatively low, the photoelectron can be stored in the
storage layer.

FIG. 1 and FIG. 2 illustrate the structure of composite
dielectric gate MOSFET and the photoelectron collecting
principle. The action of photoelectron in the storage layer
(such as polysilicon) is identical to CCD completely. The
difference is that CCD stores photoelectrons in channel while
composite dielectric gate MOSFET stores photoelectrons in
the storage layer. There are three mechanisms for photoelec-
trons tunneling into storage layer. (1) Photoelectrons move
into the channel and then tunnel directly into the composite
dielectric gate. (2) Photoelectrons tunnel into the composite
dielectric gate by FN mechanism, just like the programming
mechanism of flash memory. (3) Photoelectrons directly emit
into composite dielectric gate just like PMT. The difference is
that PMT emit electron into vacuum while the described
detector emits electrons into composite dielectric gate. It is
noted that source and drain have to be kept floating during
photoelectron collection to prevent electron injecting from
source or drain terminal. In addition, the photoelectron col-
lection process and injection process can be separated. There-
fore, lower voltage can be used during collection phase to
reduce the dark current.

The detector unit of this invention adopts composite dielec-
tric gate structure and it is used as a pixel which has the
functions of photoelectron collection, address selection, sig-
nal readout and reset. The detector units are arranged to form
a detector array, i.e. a photosensitive detector with composite
dielectric gate structure.

The Photoelectron collection, Storage, Readout and
Amplification of the Described Detector:

The structure of each pixel unit of the new detector with
composite dielectric gate MOSFET structure is as follows,
n-type regions locate on two sides of the top part of the p-type
semiconductor substrate to form source and drain, above the
top of the p substrate are two dielectric layers with one pho-
toelectron storage layer between them. The steps of photo-
electron readout and amplification of the described detector
are as follows.

By directly measuring and comparing the output drain
current before and after exposure to light respectively, the
optical signal strength can be determined.

The relationship between the drain current change and the
number of collected photoelectrons is as follows:

CoxW Nrcg v (a)

Alps =
DS 7 cr PS

Where Al is the detector drain current change before and
after exposure to light, N is the number of photoelectron in
the photoelectron storage layer, C, is the total equivalent
capacitance of the detector, C,_, is the gate oxide capacitance
per unit area between photoelectron storage layer and the
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substrate, W and L are the detector channel width and length
respectively, 1, is the electron mobility, V5 is the drain to
source voltage.

Reset:

The detector gate is applied a negative voltage and the
substrate is grounded. If the negative voltage is high enough,
the photoelectrons in the photoelectron storage layer will
tunnel back to the p-type substrate.

The Photoelectron Collection and Storage:

If the gate is applied a positive pulse voltage, a depletion
region is generated in the p-type substrate. When the photons
incident on the depletion region are absorbed, then photoelec-
trons are generated. The photoelectrons drift to the interface
of channel and bottom dielectric under gate voltage. Increas-
ing the gate voltage and when it is high enough, the photo-
electrons tunnel into the photoelectron storage layer by F—N
tunneling mechanism; if the photon energy is higher than the
conduction band energy difference AEc between substrate
semiconductor and bottom dielectric, the photoelectrons will
directly tunnel into the electron storage layer. The specific
process is illustrated in FIG. 4, process 1 shows that photo-
electrons on the channel surface tunnel into storage layer
through the bottom dielectric by FN tunneling mechanism,
process 2 shows that photoelectrons on the channel surface
tunnel into storage layer through the bottom dielectric by
direct tunneling mechanism. During collecting the photoelec-
trons, the source and drain should be floating to prevent the
electrons tunneling into the storage layer from them. When
the electric field in the second dielectric is low, photoelectrons
will be stored in the storage layer. After the collected photo-
electrons stored in the storage layer, the threshold voltage of
the detector will shift, namely the drain current will change.
Thus by measuring the drain current change before and after
exposure to light, the photoelectron number in the storage
layer can be obtained.

The Signal Readout and Amplification:

Ground the gate and source, and apply a proper positive
voltage V, on the drain to make the MOSFET detector work
in the linear region by regulating the gate voltage V. By
measuring the drain current change before and after exposure
to light, the number of photoelectron in the storage layer can
be obtained. But during photoelectron collection and storage,
photoelectrons tunnel into the storage layer through bottom
dielectric such as SiO,. Photoelectrons with high energy can
degrade SiO,. As a result, Si—O bond is broken down and
traps are generated which can become fixed charge after
capturing electrons. At the same time, interface states are
generated between P substrate and SiO,. The mobility will
change due to scatter effect when the photoelectrons quickly
move nearby the fixed charge and interface states. [f using the
method of comparing the two drain current before and after
exposure to obtain the number of photoelectron, i.e. directly
adopting the method illustrated in equation (a), the obtained
number of photoelectron may be inaccurate due to neglecting
the shift of mobility. In order to compensate the mobility shift
and read out the photoelectron number accurately, the method
of reading twice before and after exposure to light is used.
Before exposure to light, apply two different voltage V5,
and V -, on control gate respectively, and then measure the
drain current 1., and I, the transconductance §, ““ before
exposure to light can be obtained; After exposure, in order to
compensate the electron mobility drift, similarly, apply two
different voltage V ., and V ., on control gate respectively,
and then measure the drain current I*,5, and 1*,,, the
transconductance B, after exposure to light can be
obtained; Finally, the charge number change before and after
exposure in the charge storage layer i.e. the number of col-
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lected photoelectron can be obtained by using drain current
15, and I* ¢, under gate voltage V5, . Therefore, the error
caused by electron mobility shift for the one time readout
method can be compensated Similarly, ground the source and
substrate, and apply a proper positive voltage V, on the drain
to ensure the MOSFET detector work in the sub-threshold
region by regulating the gate voltage V . In order to compen-
sate the discrepancy of trapped charge density in SiO, and the
interface states before and after exposure to light, the number
of collected charge can be obtained by reading out twice
before and after exposure respectively.

Reset:

The detector gate is applied a negative voltage and the
substrate is grounded. If the negative voltage is high enough,
the photoelectrons in the photoelectron storage layer will
tunnel into the p-type substrate.

Detailed description is as follows:

[1]. The Detector Working in Linear Region

Ground the gate and source, and apply a proper positive
voltage V, on the drain to make the MOSFET detector work
in the linear region by regulating the gate voltage V. By
directly measuring and comparing the output drain current
before and after exposure respectively, the optical signal
strength can be determined. The relationship between drain
current change and the number of collected photoelectron is
as follows

_ nCoxW Nraq (@

Al
s L Cr

Vps

In order to compensate the mobility , shift, and read out
the number of collected photoelectron accurately, the method
of reading out twice before and after exposure respectively is
used. When the detector works in linear region, the expression
of output drain current is

Orc
-— ] Vbs
Cea

-1
Ips = ﬁCG(VCG —ViS+ @1

Where B is the transconductance of the detector, V. is
the control gate voltage, V,“€ is the threshold voltage of the
detector, Q. is the charge quantity stored in storage layer,
C. 1s the equivalent capacitance between gate and photo-
electron storage layer.

Before exposure to light, apply two different voltages V -,
and V4, on control gate respectively, and then measure the
drain current I, and I,,, the transconductance before
exposure can be obtained:

cc _ Ccc CosttnW _ Alps (b)

T ey L AVeg-Vps

Where, W, is the mobility before exposure to light, C; is
the top dielectric capacitance, C; is the total equivalent
capacitance of photoelectron storage layer, C_, is the bottom
dielectric capacitance per unit area. AV .=V z-Vesis
Alps=IDpsy=Ips: -

After exposure to light, in order to compensate the electron
mobility drift, apply two different voltages V5, and V., on
control gate respectively, and then measure the drain current
1*,5, and I* ,,, the transconductance after exposure can be
obtained:
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co__Alhs  Ceo CotyW (©

2 T AVeg-Vps  Cr L

Where, p*, is the electron mobility after exposure,
AV =V ce—Veoars Al¥ p=1* hoo—-1% o5 Finally, the charge
number change before and after exposure in the charge stor-
age layer can be obtained by using drain current I, and
I* .5, under gate voltage V ;.

@

Ipst __lpsi
B¢ Vps  BEC- Vs

AQrc =( ]'CCG

Using equation (b), (¢) and (d), the number of collected
photoelectron after exposure can be read out accurately, the
error caused by the electron mobility shift can be compen-
sated.

[2]. The Detector Working in Sub-Threshold Region

Apply a proper positive voltage V, on the drain to ensure
the MOSFET detector work in the sub-threshold region by
regulating the gate voltage V. If meeting V,>>KT/q, the
drain current is

(e)

Orc
gl Vas — Vr + C_)]
cc

Ips = IDOeXP[ KT

Where, [, depends on the device size, temperature and
substrate doping concentration. I, is constant under certain
temperature after manufacture. n=1+(Cz+C,,)/C,, Cz is sub-
strate capacitance per unit area which is proportional to the
square root of substrate doping concentration; C,, is the
capacitance per unit area induced by traps which is propor-
tional to interface states and oxide trap density.

The oxide trap density and the interface states density are
non-uniform before and after the photoelectrons are stored,
which cause the change of n value in equation (e). So it is
inaccurate to obtain the collected photoelectron number in
storage layer by directly comparing the drain current before
and after exposure. In order to compensate the effect induced
by the non-uniform of traps and interface states density, twice
readout (before and after exposure) method is also used to
obtain the number of collected photoelectron in sub-threshold
region.

Before exposure to light, apply two different voltage V -,
and V.4, on control gate respectively, and then measure the
corresponding drain current I, and I, the factor n before
exposure can be obtained:

g AVee (f)
n=—-
KT  Ips:
0252
Ipsi

After exposure to light, apply two different voltages V4,
and V.4, on control gate respectively, and then measure the
corresponding drain current [* g, and [*,,, the factor n*
after exposure can be obtained:
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oL AVeg (&
T KT | s
==
IDSI

Finally, the charge number change in the charge storage
layer before and after exposure can be obtained by using drain
current [* ¢, and 1,5, under gate voltage V ;.

)

KT I
AQpg = |n* =—In- 2L _p="1n
g Ipo g Ipo

Using equation (h), the number of collected photoelectron
can be read out accurately and the effect of non-uniformity
induced by the oxide traps and interface states before and
after exposure can be resolved.

Meanwhile, it should be noted that under 0.18 um, 0.13 um
or smaller process, the short channel effect seriously affect
the exact readout number of photoelectron. Therefore,
another method of twice readout (before and after exposure to
light) is proposed to compensate the error that caused by the
short channel effect, dielectric traps and interface states.

The traps are generated during photoelectron storage and
reset. But the traps generated in bottom dielectric during one
working cycle are negligible. In order to exactly obtain the
electron mobility before the device begin to work each time,
two different voltage can be applied on gate before exposure,
two different voltage are also applied after exposure to mini-
mize the influence of short channel effect.

When the detector is working in linear region, the output
drain current is

®

1
Vee = VF© - EVDS

Ips = fCVps 1
1+ O(VCG - V7§G - EVDS]

Where € the transconductance, V ; is gate control volt-
age, V€ is the threshold voltage, 0 depends on the param-
eter of process.

Before exposure to light, in order to reduce the influence
induced by the traps generated in the bottom dielectric on
electron mobility, applying two different voltages V., and
V cas on control gate respectively, and then measuring the
corresponding drain current [*,,¢, and I*,,, the transcon-
ductance before exposure can be obtained.

AVee
] Alps

Where AV 67V c6o=V c61<<Y c615 Al psIpsa—Ipsi-

After exposure, in order to compensate the short channel
effect, applying two different voltage V -, and V -, on con-
trol gate respectively, and then measuring the corresponding
drain current [*,, and 1*,,, the transconductance can be
obtained.

56— Ipst 0]
LT 1

VVps (VCGI —-VFe - EVDS
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k)

*
IDSl

AVeq
1

7 =
Al
vV Vps (VCGI —VFS+ 2 _VDS] s
Cec 2

Where, Q is the collected photoelectron number in the
storage layer, C““ is the equivalent capacitance between gate
and photoelectron storage layer, AV o=V .=Vcga—
Vea1<<Veer: Al* s poo=1* sy -

Finally, the charge number change before and after expo-
sure in the charge storage layer can be obtained by using drain
current [,¢, and I* ¢, under gate voltage V ;.

Ins1 | Alps cc L
= | BSL P28 Ve = VES — Zvpg|-C
Q [1031 Al ( ca=Vr -5 DS] cc

The number of collected photoelectron can be read out
accurately using equation (1), and the error induced by the
short channel effect and electron mobility shift can be
resolved.

3) Reset

Apply a negative voltage V,, on gate and ground the sub-
strate, then increase the negative voltage V, photoelectrons
tunnel out of storage layer or holes tunnel into the storage
layer. Thus, the detector can be reset using this method. In
application, allowing for the over-erase problem, the thresh-
old voltage can be modulated combining with programming.
FIG. 9 illustrates the detailed reset steps. Selecting a MOS-
FET with threshold value V, . as the reference, applying a
gate-voltage and drain-voltage and then measuring the drain
current I ;.. Apply the same voltage on another device to
make it reset and measure the drain current I ,. Set € as the
max current deviation between I, and 1, If current devia-
tion is smaller than €, the reset of the detector is completed,
if not, the threshold can be modulated to a proper value by
erase and write.

o

4) The detector units in this invention can be arranged to
form a detector array with composite dielectric gate MOS-
FET with present flash memory process.

The composite dielectric gate MOSFET technology in
flash memory has now become a mature technology. A 1 Gb
flash memory contains 10° MOSFET cells. In the past ten
years, people have invented many different MOSFET array
architectures which can be used in this invention. For the
MOSFET technology, FIG. 7 and FIG. 8 show two available
array architectures.

As showninFIG. 3, apply a negative voltage V_ on gate and
ground the substrate, then increase the negative voltage, pho-
toelectrons tunnel out of storage layer or holes tunnel into the
storage layer. So the reset can be achieved by this method. In
application, allowing for the over-erase problem, the thresh-
old voltage can approach a reference value by combining with
programming

FIG. 4 shows an embodiment of second dielectric layer
consisted of Si0,/Si;N,/Si0,. In FIG. 4, for process 1 and 3,
if A>387 nm, photoelectrons move into the channel first and
then tunnel into composite dielectric gate; for process 2, if
A<387 nm, photoelectrons may emit into composite dielectric
gate directly. Here, ¢, denotes the voltage drop across semi-
conductor. The embodiments of the material and its thickness
range used in the invented detector are shown in table 2.
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TABLE 2
Photoelectron Bottom Semiconductor
gate Top dielectric storage layer dielectric layer
1  material  polysilicon Si0,/Si3N,/Si0, polysilicon Sio, Si
thickness — 12-20 nm(EOT) 10-200 nm 1-10 nm —
2 material  polysilicon Sio, SizNy, Sio, Si
thickness — 10-20 nm 3-10 nm 1-10 nm —
3 material tungsten Al,O, SiN, SiO, Si
thickness — About 10 nm 3-10 nm 1-10 nm —
4 material  polysilicon Sio, polysilicon High-k(HfO,) Si
thickness — 10-20 nm 10-200 nm 1-5nm —
5 material matel SiO, InGaN AlGaN AlGaN
thickness — 10-100 nm 10-200 nm 1-100 nm —
6  material matel Si0,/Si3N,/Si0, polysilicon Sio, SiC
thickness — 12-20 nm(EOT) 10-200 nm 1-10 nm —

According to table 2, the specific parameter embodiments
of the detector are shown in table 3.

TABLE 3
Photoelectron ~ Bottom  Semiconductor
Gate Top dielectric storage layer  dielectric layer
material  polysilicon Si0,/ALO5/SI0, polysilicon SiO, Si
1 thickness Depends on 5 nm/5 nm/5 nm 100 nm 5nm Depends on
2 process 5 nm/6 nm/5 nm 100 nm 5nm process
3 5 nm/7 nm/5 nm 100 nm 5nm
4 5 nm/8 nm/5 nm 100 nm 5nm
5 5 nm/9 nm/5 nm 100 nm 5nm
6 5 nm/10 nny/S nm 100 nm 5nm
7 6 nm/7 nm/6 nm 100 nm 5nm
8 7 nm/7 nm/7 nm 100 nm 5nm
9 8 nm/7 nm/8 nm 100 nm 5nm
10 9 nm/7 nm/9 nm 100 nm 5nm
11 10 nm/7 nm/7 nm 100 nm 5nm
12 5 nm/10 nny/S nm 100 nm 4 nm
13 5 nm/10 nny/S nm 100 nm 3 nm
14 5 nm/10 nny/S nm 100 nm 2nm
The embodiments in table 3 can realize the functions of the in table 2 are completely available in technology fabrication.
detector described in this invention. Other detector structures The working mechanism of them is same with the mechanism
in table 2 can refer to the detector structure described in table 4° in this invention and the performance of them is similar to the
3 and 4. Because of applying the same or compatible semi- embodiments in table 3 and table 4. The detailed embodi-
conductor technology, the other detector structures illustrated ments are shown in table 4.

TABLE 4

material  polysilicon Si0,/Si3N,/Si0, polysilicon  SiO, Silicon

1 thickness Dependson 10 nm/7 nm/7 nm 80 nm 9nm Depends on
2 process 10 nm/7 nm/7 nm 100 nm 9 nm process
3 10 nm/7 nm/7 nm 150 nm 9 nm
4 10 nm/7 nm/7 nm 200 nm 9 nm
5 10 nm/7 nm/7 nm 300 nm 9 nm
6 10 nm/7 nm/7 nm 400 nm 9 nm
7 10 nm/7 nm/7 nm 500 nm 9 nm
8 10 nm/7 nm/7 nm 600 nm 8 nm
9 10 nm/7 nm/7 nm 600 nm 7 nm
10 10 nm/7 nm/7 nm 600 nm 6 nm
11 10 nm/7 nm/7 nm 600 nm 5nm
12 10 nm/7 nm/7 nm 600 nm 4 nm
13 10 nm/7 nm/7 nm 600 nm 3nm
14 10 nm/7 nm/7 nm 600 nm 2 nm
15 7 nm/6 nm/5 nm 80 nm 9 nm
16 7 nm/6 nm/5 nm 100 nm 9 nm
17 7 nm/6 nm/5 nm 150 nm 9 nm
18 7 nm/6 nm/5 nm 200 nm 9 nm
19 7 nm/6 nm/5 nm 300 nm 9 nm
20 7 nm/6 nm/5 nm 400 nm 9 nm
21 7 nm/6 nm/5 nm 500 nm 9 nm
22 7 nm/6 nm/5 nm 600 nm 8 nm
23 7 nm/6 nm/5 nm 60 nm 7 nm

24 7 nm/6 nm/5 nm 600 nm 6 nm
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TABLE 4-continued
material  polysilicon Si0,/Si3N,/Si0, polysilicon  SiO, Silicon
25 7 nm/6 nm/5 nm 600 nm 5 nm
26 7 nm/6 nm/5 nm 600 nm 4 nm
27 7 nm/6 nm/5 nm 600 nm 3 nm
28 7 nm/6 nm/5 nm 600 nm 2 nm
29 7 nm/7 nm/7 nm 600 nm 5 nm
10

The output current of MOSFET can be changed by chang-
ing the charge quantity stored in composite dielectric gate
shown in FIG. §, where V,_,, =V,. For the embodiments
described in table above, increase the gate voltage and if the
gate to substrate voltage is large enough (for polysilicon/
ONO/polysilicon/SiO2 structure, this value should be higher
than +18YV, the gate voltage of specific embodiment is up to
20V; for polysilicon/ONO/Si;N,/SiO, structure, this value is
+12V, the photoelectrons will directly tunnel into the storage
layer by F—N mechanism.

In FIG. 5a, if the gate voltage is higher than substrate
voltage, the photoelectron will transfer to the interface
between substrate and bottom dielectric. If the gate voltage is
higher than substrate voltage and the condition (hv>Eg+AEc)
is meet, the excitated photoelectrons can enter directly pho-
toelectron storage layer.

FIG. 5b illustrates the photoelectron tunneling. The Pho-
toelectron can tunnel into the photoelectron storage layer
when the electric field in bottom dielectric is high enough; if
the electric field in top dielectric is relatively low, the photo-
electron can be stored in the storage layer.

FIG. 5¢ shows the structure of composite dielectric gate
detector, where AV . is the threshold voltage shift induced by
photoelectrons tunneling into storage layer. [ ., is the drain
current, Q. is the total photoelectron charge quantity stored
in storage layer, C,5, is the capacitor between gate and stor-
age layer, V. is gate voltage. Threshold voltage shift is
proportional to the charge quantity in the storage layer.

FIG. 5d shows the relationship between drain current and
gate voltage. Where the left curve represents the relationship
after reset and the right curve represents the relationship after
the injection of photoelectrons into the storage layer. During
reset, apply a negative gate voltage and ground the substrate.
When the negative voltage is large enough, the photoelec-
trons tunnel out of the storage layer. (For polysilicon/ONO/
polysilicon/SiO, structure, the value is larger than —18V; for
polysilicon/ONO/Si;N,/Si0,, the value is about -12V). ITO,
metal film or semiconductor film on the substrate or gate are
transparent or semi-transparent for the detection wavelength.
During photoelectron collection, relatively low voltage is
used to reduce the dark current: for polysilicon/ONO/poly-
silicon/Si0, structure, the value is larger than 10~15V; for
polysilicon/ONO/Si;N,/Si0O, structure, the value is 5~10V.

FIG. 6 is a diagram of changing the composite dielectric
gate MOSFET into CCD with composite dielectric gate struc-
ture where source and drain are floating.

FIG. 7 shows that three composite dielectric gate MOS-
FETs in the third bit line are turn-on state.

FIG. 8 shows an 8x8 composite dielectric gate MOSFET
array, where horizontal line is common control gate, vertical
line is common source and drain, the outlined MOSFETs is
being read out. This figure shows a combined structure based
on the 8x8 composite dielectric gate MOSFET. Horizontal
lines show the common control gate of 8 composite dielectric
gate MOSFETs, vertical lines are the common source and
drain, each pixel contains only one photosensitive composite
dielectric gate MOSFET. When the voltage value of a com-
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mon control gate is larger than the threshold voltage, the
charge quantity stored in the composite dielectric gate MOS-
FET along this line is read out by selecting the source and
drain. In FIG. 8, the first, forth and seventh MOSFET along
the fourth common control gate are being read-out state. The
fabricating process of this invention is fully compatible with
the existing silicon semiconductor process (flash memory
technology).

This invention possesses both the performance advantages
of low leakage current and high fill factor of CCD and the
architecture advantage of CMOS-APS. Moreover, this inven-
tion bases on modern highly mature flash memory technol-
ogy, thus flash process, design and its manufacturing platform
can be used directly. Each pixel can achieve ultra small size
(flash cell size can reach ~80x80 nm?), and pixel density can
reach 100/um® (much higher than optical resolution, ~1
micrometer); Total pixel number has a potential to exceed 1G;
well capacity which is larger than 5000e-/um® can improve
the image quality of small pixel; The matching functions
between imaging and electronic map can be integrated on the
same chip. The response range is up to 400~1000 nm or more
broad spectral bandwidth, and the well capacity is lager than
5000e-/um?; dynamic range is larger than 70 dB, dark current
is smaller than 10 nA/cm?, dissipation power is smaller than
100 mW.

The pixel of this detector is a composite dielectric gate
MOSFET. Multiple composite dielectric gate MOSFETs can
form an imaging array. During imaging, photon electrons will
be generated in the substrate depletion region when light
incident on composite dielectric gate MOSFET, and then the
generated photoelectrons will be collected and transferred
into the composite dielectric gate to be stored therein, as a
consequence, threshold voltage will shift relatively to the
pre-exposure state. Threshold voltage shifts differently cor-
responding to different light intensity. The charge quantity in
the storage layer can be read out by measuring the drain
current variation before and after exposure in the same con-
dition, that is, the light intensity in each pixel can be detected.
In this way, when all of the pixels on the array are working at
the same time, the different light intensity on each pixel can
be detected and then a photo with contrast can be gained by
the follow-up circuit processing. The detector pixel cell also
possesses the reset function so that it can repeat imaging. FI1G.
10 schematically shows the design principle of this invented
detector, where AV, represent the threshold voltage shift of
each pixel corresponding to different light intensity, i.e.
threshold voltage difference before and after exposure to
light.

FIG. 11 shows the improved structure of this composite
dielectric gate MOSFET. Heavily doped n-type regions (2)
locate on two sides of the top part of the p-type semiconductor
substrate (1) to form source and drain; both the source and the
drain regions close to the channel are enclosed by heavily
doped p-type pockets (3); N-type LDD regions (4) as the
extension of the source and the drain locate on the two sides
of channel; above the top of the p-type substrate are bottom
insulating dielectric material layer (5), top insulating dielec-
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tric material layer (6) and control gate (7), photoelectron
storage layer (8) locates between the two insulating dielectric
material layer. The described photoelectron storage layer is
polysilicon, Si;N,,, InGaN, metal film or other conductors and
semiconductors. The control gate is polysilicon, metal or
other transparency electrode materials. There are insulating
spacers (9) on two sides of the control gate. The substrate or
the gate surface must be transparent or semitransparent for the
detecting the wavelength.

The described detector can also use the structure based on
EJ-MOSFET as shown in FIG. 12. Heavily doped n-type
regions (2) locate on two sides of the top part of the p-type
semiconductor substrate (1) to form source and drain; both
the source and the drain regions close to channel are enclosed
by heavily doped p-type pockets (3); above the top of the p
substrate are bottom insulating dielectric material layer (5),
photoelectron storage layer (8) and top insulating dielectric
material layer (6). Photoelectron storage layer (8) applies a
split structure. The top insulating dielectric material layer (6)
isolates the photoelectron storage layer (8) from the source
and the drain. The control gate (7) is above top insulating
dielectric layer (6). The described photoelectron storage layer
is polysilicon, Si;N,, InGaN, metal film or other conductors
and semiconductors. The control gate is polysilicon, metal or
other transparency electrode materials. There are insulating
spacers (9) on two sides of the control gate. The substrate or
the gate surface must be transparent or semitransparent for the
detecting the wavelength.

Besides the above mentioned two composite dielectric gate
MOSFET structures, all of other composite dielectric gate
MOSFET structures used as photosensitive image device are
not beyond this invention.

Multiple composite dielectric gate MOSFETs can be
arranged in array to form large area and ultra high pixel
density detector. FIG. 13 schematically shows its diagram of
the array. External input row and column address are decoded
by decoderto generate row selecting line X and column select
line Y. Only unit chosen by row and column selecting line at
the same time can be operated. When the detector is imaging,
all of the photosensitive units on the array are chosen to
collect, transfer and store the photoelectrons at the same time.
By X-Y addressing mode every unit can be separately reset,
i.e. erasing and programming as well as reading out the stored
photoelectrons for each photosensitive MOSFET. At present,
the mature NOR, NAND or other flash structures can be
applied to the detector array.

FIG. 11 shows a designed unit of composite dielectric gate
MOSFET photosensitive detector. It bases on standard float-
ing gate structure. The photoelectron storage layer uses poly-
silicon as floating gate which has the function of storing
charge. Bottom dielectric layer is thin SiO, dielectric,
through which the electrons tunnel into the floating gate when
programming. Top insulating dielectric layer is Si0,/Si;N,/
SiO, (ONO) structure, which aims to prevent the loss of the
stored electrons in storage layer from gate. Polysilicon is used
as control gate, whose top is a transparent or translucent
window. Heavily doped n-type regions locate on two sides of
the top of the p-type semiconductor substrate to form the
source and the drain. Differing from standard floating gate
MOSFET, photosensitive MOSFET uses channel as the pho-
toelectrons collecting area. In order to prevent collected pho-
toelectrons diffusing towards the source and the drain, a
heavily p-doped package is set around the source and the
drain. In order to prevent the electrons from the source and the
drain accompanying the collected photoelectrons tunnel into
the floating gate, a lightly doped and shallow N-type LDD is
formed close to the channel on two sides of the source and the
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drain. In addition, the overlapped area of LDD and floating
gate keeps as small as possible to reduce the work dark
current.

The main parameters of a designed photosensitive detector
with floating gate MOSFET cell are as follows: the channel
length is 0.18 um; the channel width is 0.18 pm; the spacer
thickness is 0.2 um; the length of source and drain is 0.4 pm;
the polysilicon floating gate thickness is 1000 A; the polysili-
con control gate thickness is 2000 A; Si0,/Si,N,/SiO, thick-
ness is 50 A/100 A/40 A; the bottom SiO, thickness is 100 A.

Use TCAD device simulation tool to simulate the two-
dimensional photoelectric characteristics of this photosensi-
tive detector cell with floating gate MOSFET. FIG. 14 shows
the readout current curves of photosensitive detector cell with
floating gate MOSFET for four different light intensities.
Curve 1 is readout drain current versus gate voltage with no
incident light. Curve 2, 3, 4 and 5 are the readout drain current
versus gate voltage detected for light intensity 3.5e-5, 5.0e-4,
3.0e-3, and 1.0e-2 W/m?, respectively. FIG. 14 shows that the
stronger the light intensity is, the more the photoelectrons
collected and transferred into storage layer are. Therefore, the
threshold voltage of photosensitive MOSFET increases, that
is, drain current will be lower under the same bias. Comparing
the readout drain current before and after exposure to light,
the number of the collected photoelectrons can be obtained.
The device simulation results of photoelectric characteristics
prove that the principle of the composite dielectric gate MOS-
FET detector is feasible.

The tested pixel unit is based on floating gate NOR flash
architecture, manufactured in standard 0.13 um CMOS tech-
nology. The channel length and width of the MOSFET pixel
unitare 0.165 um and 0.22 um, respectively. The thickness of
bottom SiO, tunneling layer is 100 A, the thickness of poly-
silicon floating gate is 1000 A, the thickness of polysilicon
control gate is 2000 A, the thickness of top dielectric ONO is
50 A/100 A/40 A. Two cells in a photosensitive MOSFET
array are tested. After exposed to relatively weak light for 20
ms, threshold voltages of the two samples both increase about
0.3V, i.e. the threshold voltage difference (imaging window)
is about 0.3V. FIG. 15 shows the test results of the pixel unit
samples. FIG. 15(a) is the result of sample 1 and FIG. 15(b) is
the result of sample 2. The samples have been reset to initial
threshold voltage value and can work next time. FIG. 16
shows the test result after reset. The test results of the pixel
unit fully prove the principle of composite dielectric gate
MOSFET is correct. The area of the tested pixel sample is
0.169 um?, while the present smallest CCD pixel area is about
2x2 um?, which means that in the same sensitive area, the
photosensitive detector can achieve 12 times higher resolu-
tion than that of CCD. In other words, to achieve the same
resolution, the sensitive area of this detector is only one
twelfth of the CCD. With the further scaling of composite
dielectric gate MOSFET, the resolution of this detector can be
greatly improved. As a result, the invented detector can pos-
sess ultra high pixel density, and improve the resolution of
present imaging device to one or two orders of magnitude,
which means physical resolution will be higher than optical
resolution. This is incomparable superiority which CCD and
CMOS APS can not achieve.

All of the invented composite dielectric gate MOSFETs in
an array must be reset to adjust threshold voltage to an initial
value before each imaging. When light incident on the pho-
tosensitive detector array, all of the photosensitive MOSFETs
will begin to collect photoelectrons at the same time and
transfer the collected photoelectrons into the composite
dielectric gate to store, therefore, threshold voltage of the
MOSFET will change. The number of the collected and
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stored photoelectrons as well as threshold voltage shift in
each photosensitive MOSFET is proportional to light inten-
sity. Therefore, by reading out the drain current change of
each photosensitive MOSFET before and after exposure to
light, the light intensity detected by each photosensitive
MOSFET can be obtained. Through the follow-up circuit
processing a complete image can be obtained after all of the
cells in the array are read out according to their physical
position.

The detailed working mechanism and process of the
described detector based on improved composite dielectric
gate MOSFET structure and the photosensitive detector
based on EJ-MOSFET structure are as follows:

1) Reset

After the imaging operation of the composite dielectric
gate MOSFET detector, the collected photoelectrons are
transferred into composite dielectric gate. As a result, the
threshold voltage of the photosensitive MOSFET increases.
Before next imaging, all of composite dielectric gate MOS-
FET units must be reset to the vicinity of reference value by
erasing the electrons in the storage layer to ensure the thresh-
old voltage difference for each unit can be controlled in a
small range. The steps of reset are as follows: the control gate
of photosensitive MOSFET is applied a negative voltage V,
the substrate and source are applied a positive voltage;
increasing V, to force the photoelectrons tunneling out of
storage layer or drive holes tunneling into the storage layer. In
this way, the threshold voltage of this detector will be lowered
s0 as to achieve the purpose of reduction. In specific applica-
tion, over-erase should be taken into account. For solve the
problem, channel hot electron injection (CHE) and FN tun-
neling programming can be combined to adjust threshold
voltage. FIG. 9 shows the specific process of reset. Selecting
aMOSFET with threshold valueV,,, -as the reference, assum-
ing the initial threshold voltage of a composite dielectric gate
MOSFET to bereset is V,,, applying a same voltage V. and
then measuring the drain current [ ;,. After a series of “erase”
and “programming” operation, the threshold voltage and out-
put current of this composite dielectric gate MOSFET are V,,
and I ;, respectively. Setting € as the max current deviation of
I;and 1, If current deviation is smaller than €, the reset of
the detector is completed, if not, continue the operation of
“erase” and “programming”. The threshold voltage of any
composite dielectric gate MOSFET of the detector can
approximate the reference threshold voltage value through
this reset operation.

2) Photoelectrons Collection, Transfer and Storage

(1) Photoelectrons collection: the source and drain of com-
posite dielectric gate MOSFET are floated, a positive bias
pulse is applied between the gate and substrate, and then a
depletion region with no electrons is formed on the surface of
p-type semiconductor under the bottom dielectric, which is in
a non-equilibrium state. The recovery of the thermal equilib-
rium state in the depletion region needs electrons injection
coming from three sources: 1) in depletion region, the sub-
strate current generating comes from deep energy level in the
interface of bottom dielectric; 2) current generating comes
from injected electrons in diffusion region; 3) photoelectrons
generated by semiconductor absorbing the outside injected
photons. Without photon injecting, it typically needs 10 ms-1
s to recover to equilibrium state. The depletion region will
disappear after returning to equilibrium state. When photons
inject into the depletion region, the ones whose energy are
greater than energy gap will be absorbed by semiconductor,
therefore, the valence band electrons in p-type semiconductor
will be excited to the conduction band to generate photoelec-
trons. If applied gate voltage pulse width is less than the
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recovery time, the photoelectrons, generated by outside
injected photons, will be motivated to the interface of p-sub-
strate and bottom dielectric layer to form a charge packet by
gate voltage. At this moment increasing the gate voltage
immediately to generate a large enough electric field in bot-
tom dielectric layer, then the collected photoelectrons will
tunnel into the composite dielectric gate storage layer. During
photoelectrons collection, a pocket implantation is used to
form p+ transition regions between p-type semiconductor and
n-type source as well as drain in order to prevent the collected
photoelectrons leaking into the n-type source and drain. In
this way, a relatively high barrier is formed between the p+
transition region and p-type substrate to prevent photoelec-
trons injecting into source and drain. It should be noted that
during the process of photoelectrons transferring into the
storage layer, the electrons from source and drain will also
tunnel into storage layer to induce a large dark current. To
restrain this dark current, a lightly doped n-type source and
drain extension regions (LDD) are formed on the sides of the
source and the drain close to the channel, and ensure that the
overlap area between LDD and composite dielectric gate is
relatively small. For the detector based on EJ-MOSFET struc-
ture, there is no overlap area between source, drain and pho-
toelectrons storage layer. When the control gate is applied a
high voltage pulse, the electrons from source and drain will
not transfer into photoelectrons storage layer, therefore the
dark current will be greatly reduced. When the EJ-MOSFET
is working on read-out state, an electron inversion area will be
formed between the source, the drain and the channel below
the photoelectrons storage layer to serve as the extension of
the source and the drain, which make the photosensitive EJ-
MOSFET reading out current normally.

(2) Photoelectrons transfer: after photoelectrons collec-
tion, applying a sufficiently lager positive voltage pulse
between control gate and substrate to make the electric field in
the first dielectric layer strong enough, the collected photo-
electrons will tunnel into the photoelectrons storage layer of
composite dielectric gate. There are three mechanisms for
photoelectrons tunneling into storage layer illustrated in FI1G.
4. Here, for process 1, photoelectrons first move into the
channel and then tunnel directly into the composite dielectric
gate. For process 2, photoelectrons tunnel into the composite
dielectric gate by FN mechanism, just like the programming
mechanism of flash memory. For process 3, photoelectrons
directly emit into composite dielectric gate just like PMT. The
difference is that PMT emit electron into vacuum while the
described detector emits electrons into composite dielectric
gate.

(3) Photoelectrons storage: when the second dielectric
layer is relatively thick, the electric field will be relatively
weak so that photoelectrons will be stored in the storage layer
and not transfer towards control gate. After removing the
working pulse applied on the composite dielectric gate MOS-
FET, the photoelectrons will still be in the storage layer and
not lose. Before the next work the stored photoelectrons will
be erased by reset.

3) The Readout and Amplification of the Photoelectrons is
the Same with above Description.

The operation condition embodiment of the invented
detector is shown in table 5 and 6. Here are operation condi-
tion of photoelectrons collection and storage. The two opera-
tions are a continuous process. Table 7 is the operation con-
dition of photoelectrons readout. Table 8 is the operation
condition of erase by FN tunneling. To prevent over-erase,
CHE or FN programming is used to adjust the threshold
voltage of photosensitive MOSFET to the vicinity of the
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reference value. Table 9 and 10 is the operation conditions of TABLE 10
reset using CHE or FN programming.

the operation condition of reset by FN programming

In conclusion, this invention proposes a detector using

composite dielectric gate MOSFETs structure and its optical s electrode voltage pulse pulse width
mgr}al processing Ipethqd, the array of this device can forms aate 1020 v 0.1-100 ms
a high resolution imaging chip. Therefore, the detector or drain 0oV N/A
imaging chip using MOSFETs with other structures, materi- source ov N/A
substrate oV N/A

als and parameters are within the content of this invention.

TABLE 5

What is claimed is:

the operation condition of photoelectron collection 1. A photosensitive detector with a composite dielectric
gate MOSFET structure comprising:

15 n-type semiconductor regions located on the two sides of

electrode voltage pulse ulse width .
ep P the top part of a p-type semiconductor substrate to form
a source and a drain; a bottom dielectric layer, a photo-
gate 5-12V 0.1-100 ms . .
electron storage layer, a top dielectric layer, and a con-
drain floating N/A trol gate stacked on the substrate in sequence;
source floating N/A 20 wherein said photoelectron storage layer is made from

substrate oV N/A polysilicon, Si;N,,, InGaN, metal film or other electronic
conductors or semiconductors, said control gate is made
from polysilicon, metal or transparent conducting elec-
trode;

wherein said top dielectric layer that is connected to the
control gate prevents the photoelectrons stored in the
photoelectron storage layer from leaking into the control

TABLE 6 23

the operation condition of photoelectron transfer and storage

electrode voltage pulse pulse width gate, under low gate voltage, said bottom dielectric layer
30 connected to the p-type substrate eftectively shields the
gate 10-20v 0.1-10 ps channel between the source and the drain from the pho-
drain floating NA toelectron storage layer, if the gate voltage or photon
source floating N/A is hieh h. the el in the ch: 1
substrate 5.0V 0.1-10 ps energ.y 18 1g enough, the electrons 1n the channel can
be injected into the photoelectron storage layer, and
35 while photoelectrons are collected and injected, the
source and the drain should be floating;
TABLE 7

wherein said bottom dielectric layer is made from silicon
oxide, SION or other materials with high-k dielectrics,
said top dielectric layer is made from Si0O,/Si;N,/SiO,,

the operation condition of photoelectron readout

electrode voltage pulse pulse width 40 Si0,/Al,04/8i0,, Si0,, Al,O; or other materials with
gate 16 v 0.1-100 ps high-k dielectrics; .

drain 0.1-05 V 0.1-100 ps wherein when the voltage difference between the gate and
source oV N/A the substrate is high enough, the photoelectrons col-
substrate oV N/A

lected in the channel can tunnel into the photoelectron
storage layer, and at least one of the substrates or the gate
surface must be transparent or semitransparent for
TABLE 8 detecting a wavelength;

an electronic means for grounding the gate and the sub-
< strates, and applying a proper positive voltage on the
alectrode voltage pulse pulse width drain, to regulate gate voltage to ensure that a MOSFET
detector works in an linear region;

45

the operation condition of reset by FN erasing

gate -y 0.1~300 ms a measuring means for measuring and comparing the out-
drain ov N/A . .
source 0V N/A put drain current before and after exposure to light, to
substrate ov N/A s determine the optical signal strength according to the
following formula:
TABLE 9 #CoW Nrcg (@
Alps = — . Vos
the operation condition of CHE programming 60 T
electrode voltage pulse pulse width . .
where Al is the detector drain current change before and
gate 810 v 0.1-30 ps after exposure to light, N .. is the number of photoelec-
drain -5V 0.1-30 ps . .
source 0V NA trons in the photoelectron storage layer, C; is the total
substrate 0oV NA 65 equivalent capacitance of the photoelectron storage

layer, C,, is the gate oxide capacitance per unit area
between photoelectron storage layer and the substrate,



US 8,604,409 B2

25
W and L are the detector channel width and length
respectively, 1, is the electron mobility, V4 is the drain
to source voltage,

a resetting device for applying the gate a negative voltage

and grounding the substrate.
2. The photosensitive detector of claim 1, wherein the
photoelectron storage layer (8) has a split structure, as the top
dielectric (6) isolating the photoelectron storage layer from
the source and drain, the control gate (7) is above the top
dielectric, there are insulating side walls (9) on two sides of
control gate, the substrate or the gate surface must be trans-
parent or semitransparent for detecting the wavelength.
3. The photosensitive detector of claim 1, wherein the
source and the drain regions close to the channel are enclosed
by heavily doped p-type pockets (3), n-type LDD regions (4)
as the extension of the source and the drain locate on the two
sides of channel.
4. The photosensitive detector of claim 1, wherein said
bottom dielectric material is selected from the group consist-
ing of SiO, with a thickness in a range of 1-10 nm, Si;N,, with
a thickness in a range of 1-10 nm, HfO,, Al,O;, ZrO,,Y,0,,
BaTiOj;, ZrSi0,, Ta,0; with an equivalent oxide thickness in
arange of 1-10 nm and AlGaN with a thickness in a range of
1-100 nm;
the top dielectric material is selected from a group consist-
ing of Si0,/Si;N,/Si0,, its with an equivalent Si02
thickness in a range of 12-20 nm, Si0,/A1,0,/Si0, with
an equivalent SiO, thickness in a range of 10-100 nm,
H1O,, Al, O, Zr0O,, Y ,0,, BaTiO,, ZrSiO,, Ta,0, with
an equivalent SiO, thickness in a range of 12-20 nm and
AlGaN with a thickness in a range of 1-100 nm;

the photoelectron storage layer material is selected of a
group consisting of polysilicon with a thickness in a
range of 10-200 nm, Si;N,, with a thickness in a range of
3-10 nm, and

InGaN with a thickness in a range of 10-200 nm;

the control gate material is selected from a group consisting
of polysilicon with a thickness in a range of 10-200 nm,
ITO with a thickness in a range of 3-10 nm, metal and
transparent electrode.

5. The photosensitive detector of claim 1, wherein said
composite dielectric gate MOSFET structure is of an array of
detector units.

6. The photosensitive detector of claim 1, wherein the
bottom insulating dielectric is of SiO, with a thickness in a
range of 1-10 nm; the top insulating dielectric is of SiO,/
Si;N,/Si0, or SiO,/Al,0,/Si0, with an equivalent SiO,
thickness in a range of 12-20 nm, the photoelectron storage
layer material is of poly silicon with a thickness in range of
10-200 nm, and the control gate material is of poly silicon.

7. The photosensitive detector of claim 1, wherein said
bottom insulating dielectric is of SiO, with a thickness in
range of 1-10 nm; the top insulating dielectric is of SiO, with
a thickness in range of 10-20 nm, the photoelectron storage
layer material is of Si;N,, with a thickness in a range of 10-20
nm, and the control gate material is of poly silicon.

8. The photosensitive detector of claim 1, wherein said
control gate is of Tungsten, the top insulating dielectric is of
Al O, with a thickness of 10 nm, the photoelectron storage
layer material is of Si;N, with a thickness in a range of 3-10
nm, and the bottom insulating dielectric is of SiO, with a
thickness in a range of 1-10 nm.

9. The photosensitive detector of claim 1, wherein said
control gate is of poly silicon, the top insulating dielectric is
of SiO, with a thickness in a range of 10-20 nm, the photo-
electron storage layer material is of poly silicon with a thick-
ness in a range of 1-200 nm, and the bottom insulating dielec-
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tric is of high-k dielectric material with an equivalent SiO,
thickness in a range of 1-5 nm.

10. The photosensitive detector of claim 1, wherein said
control gate is of metal, the top insulating dielectric is of SiO,
with a thickness in a range of 10-100 nm, the photoelectron
storage layer material is of InGaN with a thickness in a range
of 10-200 nm, the bottom insulating dielectric is of AlGaN
with a thickness in a range of 1-100 nm, and the substrate
material is of AlGaN.

11. The photosensitive detector of claim 1, wherein the
control gate is of metal, the top insulating dielectric is of
Si0,/81;N,/S10, or Si0,/Al,0,/Si0, with an equivalent
oxide thickness in a rage of 12-20 nm, the photoelectron
storage layer material is of poly silicon with a thickness in a
range of 10-200 nm, the bottom insulating dielectric uses is of
Si0, with a thickness in a range of 1-10 nm, and the substrate
material is of SiC.

12. A signal readout method for photosensitive detector
comprising following steps:

the photosensitive detector with a composite dielectric gate

MOSFET structure including n-type semiconductor
regions located on two sides of a top part of a p-type
semiconductor substrate to form a source and a drain, a
bottom dielectric layer, a photoelectron storage layer, a
top dielectric layer, and a control gate stacked on the
substrate in sequence, wherein said photoelectron stor-
age layer is made by material selected from a group
consisting of polysilicon, Si;N,, InGaN, metal film,
electronic conductors and semiconductors, said control
gate is made by a material selected from a group con-
sisting of polysilicon, metal and transparent conducting
electrode;

a step of photoelectron readout and amplification, which is

to ground the source and the substrate, and apply a
proper positive voltage to the drain, then regulate the
gate voltage to ensure that the MOSFET detector work
in a linear region, and by directly measuring and com-
paring the output drain currents before and after expo-
sure, the optical signal strength can be determined; the
relationship between the change of the drain current and
the number of collected photoelectrons is as follows:

nCoW Nrag v (a)

I DS

Alps =

wherein Al ¢ is the change of the drain current before and
after exposure, N - is the number of photoelectrons in
the photoelectron storage layer, C is the total equivalent
capacitance of the photoelectron storage layer, C,_, is the
gate oxide capacitance per unit area between the photo-
electron storage layer and the substrate, W and L are the
detector channel width and length respectively, w,, is the
electron mobility, V. is the voltage difference between
the drain and the source; and

a step of reset, which is to apply a negative voltage to the

gate and ground the substrate, and if the negative voltage
is high enough, the photoelectrons in the photoelectron
storage layer will tunnel into the p-type substrate.

13. The signal readout method of claim 12, wherein read-
ings of the number of photoelectrons are taken before and
after exposure in order to accurately record the number of
collected photoelectrons:

before the exposure, apply two different control gate volt-

agesV s, andV 5, respectively, then measure the drain
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currents ¢, and I, and the transconductance before
exposure is obtained through the following equation:

56 = Cec CoxttnW _ Alps (b)

e L AVeg-Vps

wherein 1, is the electron mobility before exposure, C 5 is
the top dielectric layer capacitance, V 5 is the voltage
difference between the drain to the source,
AV 6=V cer=Veors AlpsIpsa—Ipsis

after the exposure, in order to compensate the electron
mobility drift, also apply two different control gate volt-
agesV g, andV 5, respectively, then measure the drain
currents [* ¢, and I* ., and the transconductance after
exposure is obtained through the following equation:

_Ccc CotyW
¢y L

(©

CG _ AI;DS —
> T AV Vps

wherein p*, is the electron mobility after exposure,
AVe6=Vee=Veor, Al¥ps1*psr=1%pgy s finally, the
charge quantity variation in the gate before and after
exposure is obtained in terms of drain currents 5, and
I*,5; under gate voltage V., through the following
equation:

(d

Ibsi  Ipsi ]
B5¢-Vps B¢ Vs ce

AQrc =(
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the number of collected photoelectrons after exposure can
be calculated accurately from equation (d), as a result,
the error caused by electron mobility drift is compen-
sated.

14. The signal readout method of claim 12, wherein said
method includes steps of collecting and storing photoelec-
trons before the signal is read out and amplified wherein:

firstly, applying a positive pulse voltage to the gate, so that
an electron depletion region is formed in the p-type
substrate, then when the incident photons are absorbed
in the depletion region, photoelectrons will be gener-
ated, and driven by the gate voltage, the generated pho-
toelectrons drift to the interface between a channel sepa-
rating the source and the drain and a bottom dielectric
layer; secondly, increasing the gate voltage to high
enough, the photoelectrons will tunnel into a photoelec-
tron storage layer by F-N tunneling mechanism; If pho-
ton energy HV of incident light is higher than conduc-
tion band energy difference A E_ between the substrate
and the bottom dielectric layer, the photoelectrons will
directly tunnel into the electron storage layer; while
collecting photoelectrons, the source and the drain
should be floating to prevent the electrons from tunnel-
ing into the storage layer; finally, after the collected
photoelectrons are stored in the storage layer, the thresh-
old voltage of the detector will drift, namely the drain
current drift, and by measuring the drain current drifts
before and after exposure, the number of photoelectrons
in the storage layer can be determined.
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